Background-During early development avian embryos are easily accessible in ovo for transplantations and experimental perturbations. However, these qualities of the avian embryonic model rapidly wane shortly after embryonic day (E)4 when the embryo is obscured by extraembryonic membranes, making it difficult to study developmental events that occur at later stages in vivo.
INTRODUCTION
The chick embryo is a valuable model organism used to study vertebrate development. Besides their availability and low cost of fertilized eggs, early stage chick embryos are readily accessible in ovo for visualization and experimental manipulations. During the initial 3 days of incubation, a chick embryo, which begins as a blastodisk, undergoes gastrulation, neurulation and several morphogenetic movements to form distinct cranial and trunk structures. Within this period of development, the embryos can be easily accessed and manipulated at different developmental time points by 'windowing' the egg-shell, then reincubating until the desired late embryonic stages. Using this approach, several techniques such as DiI injections (del Barrio and Nieto, 2002) and tissue transplantation (Le Douarin, 1973; Goldstein, 2006; Lwigale and Schneider, 2008) or tissue ablation (Summerbell, 1974; Bénazéraf et al., 2010) have been extensively utilized to study cell fate and pattern formation. In addition, gain-and loss-of-function studies involving electroporation of DNA, RNAi, morpholinos, and virus constructs are now widely used in molecular studies involving chick embryos (see reviews by Nakamura, et al., 2004; Sauka-Spengler and Barembaum, 2008) .
Despite their versatility as model organisms for studying developmental biology, chick embryos are rapidly surrounded by extraembryonic membranes, making it difficult for experimental manipulations in ovo past embryonic day (E)5. The chick embryo is initially covered by a transparent vitelline membrane that separates it from the albumen. Beginning at about HH stage 12 (Hamburger and Hamilton, 1951) , the amnion and chorion membranes overlap the forebrain and tail bud by growing towards each other and fuse to cover the entire embryo by stage 18. At about this time another membrane, the allantois, forms as a balloonlike structure in the hind-gut region of the embryo. The allantois fuses with the chorion to form the chorioallantoic membrane, which stores nitrogenous waste and is involved in respiration and calcium transport. The chorioallantoic membrane grows rapidly and covers most of the embryo by stage 20 (E5). During early development, embryos can be easily accessed through the vitelline membrane, or chorion, and by dissecting the amniotic membrane. However, accessing an E5 or older embryo through the overlaying chorioallantoic membrane is lethal. Therefore most developmental biology studies using chick embryos in ovo are limited to relatively early stages of development, prior to critical periods of organogenesis that may require different signals and cellular interactions.
Several genes associated with cellular interactions and differentiation during organogenesis of the eye, ear, brain, skin, and tissues such as bones and cartilages, are either transiently expressed or initiate expression during later stages of embryogenesis. To increase accessibility to later stages (older than E4), methods such as ex ovo culture of chick embryos have been developed (New, 1955; Auerbach et al., 1974; Dugan et al., 1991; Datar and Bhonde, 2005; El-Ghali et al., 2010) . While these methods overcome the complications that arise from adhering of the embryo to the eggshell and increase access to the embryo, the chorioallantoic membranes expand and obscure the embryo from manipulation at later stages. In addition, chick embryos cultured ex ovo show severe retardation in growth probably due to Ca2+ deficiency, which is naturally provided by the eggshell (Luo and Redies, 2005) .
Until now there have been no attempts to address the obstacles that impede manipulation of the late-stage chick embryos in ovo. Current studies of organogenesis can only be conducted in vitro on tissue that is isolated from the influence of the endogenous embryonic environment, which may affect gene expression and crucial cellular interactions. In this study, we report a novel method that further strengthens the chick embryo as a model for developmental biology. This stepwise method combines preparation of fertilized chick eggs at different developmental time points with careful dissection and relocation of extraembryonic membranes to increase accessibility to embryos at late stages of development. Embryos exposed using this technique are viable and easily accessible in ovo for manipulation of tissues during organogenesis. We show that different regions of the exposed E7 embryos are easily accessible for manipulations such as injection with RCAS-GFP expressing cells. After two days of re-incubation, the injected cells can be tracked by monitoring GFP expression in various tissues. Late-stage embryos exposed by this technique can be manipulated using standard developmental approaches to study gene function, cellular interactions, tissue regeneration, and stem cell potential during organogenesis.
RESULTS AND DISCUSSION

Overview of Preparations for Late-stage Embryonic Manipulations
Eggs were incubated in a horizontal position for approximately 72 hours to obtain E3 embryos. A small hole was made with blunt forceps on the narrow end of the egg through which 3-4 ml of albumen were removed with a syringe (Fig. 1i ). Eggs were windowed along the long axis by carefully breaking away pieces of the eggshell with curved forceps. At this stage embryos were visible and easily accessible through the amniotic membrane (Fig. 1ii) . Two-three drops of Ringer's solution containing Pencillin/Streptomycin antibiotics (50 U/ml and 50 µg/ml respectively) were added to the E3 embryos and the eggs were sealed and re-incubated on their side (Fig. 1iii ). Windowing at E3 is critical to avoid problems associated with attachment of the embryo and extraembryonic membranes to the eggshell by E4 (Luo and Redies, 2005) .
Two days after windowing, the tape was cut away with scissors to access E5 embryos. At this stage embryos were covered by the amnion, and partially covered by the chorioallantoic membranes (Fig. 1iv) . These membranes were carefully dissected away from the embryo as described in detail below (Fig. 1v) . Two-three drops of Ringer's solution were added to the exposed E5 embryo. At this point embryos are accessible for further experimental manipulation, or the eggs can be sealed and re-incubated if later stages of development are desired ( Fig. 1vi and 1vii) .
Microdissections of the Extraembryonic Membranes to Expose the E5 Embryo
By E5, all major extraembryonic membranes including the amnion, chorion, and allantois are well developed and envelop the chick embryo. The allantois extends outward from the gut region of the embryo ( Fig. 2A ; brown membrane) and fuses with the chorion ( Fig. 2A ; purple membrane), to form the chorioallantoic membrane (CAM, Fig. 2A') . The CAM rapidly extends over the developing embryo (dotted white line, Fig. 2A') , obscuring the ventral and posterior regions of the embryo. At this stage, the apex of the amniotic membrane is fused to the chorionic membrane creating the amniochorionic membrane (ACM, Fig. 2A, asterisk) . Separation of the ACM from CAM is crucial for extended exposure of the embryo during subsequent developmental stages. Although these membranes can be dissected at an earlier stage, i.e. E4, we found that performing these dissections before the establishment of the CAM reduces accessibility to embryos at later stages due to the outgrowth of the allantois.
To ensure exposure and viability of the embryos, two critical steps have to be followed while dissecting the extraembryonic membranes. First, use fine forceps to pierce the chorion and tear a small hole in the amnion above the region of the forelimb (blue arrow and dotted blue circle, Fig. 2B and B' ). This introduces slack in the chorion and amnion, which enables the dissection of a narrow, non-fused region of the chorion between the CAM and the ACM (yellow arrow, Fig. 2A and C) . Second, start slightly ventral to the ACM (yellow arrow, Fig.  2C ) and carefully separate the ACM from the CAM in a rostrocaudal direction ( Fig. 2C and C'). These membranes are successfully separated when the CAM is displaced away from the embryo, which exposes the allantoic artery and vein (white arrowhead, Fig. 2C') . Following this separation, grasp the amniotic membrane in the mid-cranial region of the embryo and gently pull dorsoventrally ( Fig. 2D and 2D' ; black arrows). This dissection removes the amniotic membrane and fully exposes the embryo. The dissected amnion and intact CAM are gently displaced to the right side of the embryo, which permits their subsequent growth away from the embryo. The exposed embryo can be manipulated at E5 or re-incubated until later stages.
Accessibility and Survival of Embryos after Membrane Dissection
After membrane dissections, embryos were re-incubated and monitored daily for accessibility and mortality. The majority of the embryos (80%) remained fully exposed between E5 and E7 ( Fig. 3A and B) . The cranial region (brain, ear, eye, maxillo-mandibular process) and trunk region (limbs, ectoderm/skin, spinal cord) were easily accessible for manipulation. Between E8 and E9, the expanding chorioallantoic membrane begins to cover most of the embryos (Fig. 3A) , however tissues in the cranial region remain accessible in 15% of the embryos through E9 (Fig. 3B) . In the non-dissected control embryos, the chorioallantoic membrane becomes highly vascularized and grows over the embryo, which increasingly reduces accessibility to the embryo starting at E5 (Fig. 3A) . In our experience, all embryos accessed directly through the chorioallantoic membrane die within 24 hours. This is possibly due to massive bleeding from injured blood vessels and concomitant leakage of the nitrogenous waste stored in the allantois into the embryonic cavity.
Removal of the amnion and displacement of the chorioallantoic membrane does not appear to affect normal development of the embryos. The quality of eggs greatly affects the survival of both exposed and unexposed embryos. The survival rate of the exposed embryos was calculated as a percentage of surviving non-dissected embryos (Fig. 3C) . Almost all windowed embryos are viable at E5 (99%, data not shown). The survival rate for exposed embryos remained high at E6 (95%) and at E7 (77%). Approximately half of the exposed embryos (42%) remained viable at E9, and about one third were alive at E12 (30%). In comparison to reported survival rates of about 50% after in ovo manipulation (Chapman et al., 2005; Brown et al., 2012) , the current method provides ample numbers of exposed embryos that can be manipulated between E5-E8 and examined after organogenesis at about E12. This added window of opportunity for in ovo experimentation is during the dynamic period of organogenesis when complex cellular interactions occur between different tissues to form specialized organs. For example, the neural crest cells and ectoderm form the cornea (Lwigale et al., 2005; Creuzet et al., 2005) ; retinal tissues undergo sequential waves of dynamic gene expression essential for cell differentiation (Trimarchi et al., 2008) ; neural crest mesenchyme and otic placode form the inner ear (Brown et al., 2005; Wood et al., 2010; Zou et al., 2012) ; cranial and skeletal bones undergo chondrogenesis (Le Liévre, 1978; Merino et al., 1999) , and the skin forms as a result of signaling between the ectoderm and underlying mesenchyme (Wessells, 1961; Mottet and Jensen, 1968; Rouzankina et al., 2004) . Furthermore, approximately 6% of the exposed embryos were viable at E17 (3 days prior to hatching), the latest stage examined in this study. These numbers are relatively fewer than at E12, but indicate that this technique is applicable to other manipulations such as regeneration and stem cell studies, which may necessitate analysis at later stages.
Cell Injections into Exposed Embryos
The exposed embryos are easy to manipulate using the tools that are available to developmental biologists. The effects of such manipulations can be assessed after reincubation until a desired time point. Here we show one possible application of this method by injecting chick DF-1 cells expressing RCAS-GFP into different locations of exposed embryos that were re-incubated until E7. Embryos were injected in the cornea (Fig. 4A) , mesenchyme adjacent to the ear (Fig. 4B) , or into the forelimb mesenchyme (Fig. 4C) , then re-incubated for additional two days.
By E9, embryos exhibit several distinct features characteristic of this stage such as feather germs, scleral ossicles of the eye, and the egg tooth ( Fig. 5A ; Hamburger and Hamilton, 1951) . Under fluorescent light, GFP-positive cells are visible in the ear region (Fig. 5B) , in the cornea (Fig. 5C ), and forelimb (Fig. 5D) . GFP-positive cells could also be localized in cross-sections through these tissues (Fig. 5B'-D' ). These results validate the method of cell injection into various tissues and the survival of the exposed embryo after this manipulation. A possible caveat of this approach is that some cells become post-mitotic whereas RCAS viral gene expression requires cell proliferation. In such cases, this technique can be used in combination with other well-established experimental techniques used for transient gene expression or knockdown such as electroporation with DNA, antisense morpholino oligonucleotide, and RNA interference constructs. Exposed embryos can also be used for implantation with protein-soaked beads and tissue ablation and grafts. Any of these techniques can be applied to the exposed tissues or organs on the right hand side of the embryo, leaving the unperturbed left side to serve as control.
Therefore, by extending the in ovo access to chick embryos during late stages of development, we provide a new avenue for various research interests in developmental biology. This method can also be further extrapolated and used in conjunction with current genetic manipulation and protein expression techniques, or combined with in vitro studies, thus adding to the versatility of the chick embryo as a model organism for studying developmental biology.
EXPERIMENTAL PROCEDURES Embryos
Fertilized White Leghorn chicken eggs (TAMU, College Station, TX) were incubated at 38°C until needed. Eggs were windowed at E3 (HH stage 19-20, Hamburger and Hamilton, 1951) as described (Gammill and Krull, 2011; Griswold and Lwigale, 2012) , sealed with transparent packing tape and then re-incubated at 38°C. After two days post-incubation, eggs were windowed again by cutting the tape and the extraembryonic membranes were dissected to expose the embryos at E5. Exposed embryos can be manipulated at E5 or reincubated for later stages. For example, here we re-incubated the E5 exposed embryos and injected them with RCAS-GFP expressing cells at E7.
Cell injections
DF-1 chicken fibroblasts (ATTC, Manassas, VA) were infected with RCAS-GFP virus as previously described (Himly et. al, 1998) . The resulting RCAS-GFP expressing cells were combined with food dye, loaded into pulled glass needle, and pressure-injected using Picospritzer III ® (Parker Hannifin Corporation, Mayfield Heights, OH) until food dye was visible. Cells were injected into the eye, mesenchyme adjacent to the ear, and the limb mesenchyme at E7. After cell injection, into exposed embryos, eggs were sealed with transparent tape and re-incubated until E9.
Immunohistochemistry
Tissues from the injected sites were dissected out, collected in Ringer's solution and fixed overnight in 4% paraformaldehyde at 4°C. After several washes in phosphate buffered solution (PBS), tissues were embedded in gelatin and cryosectioned at 8-10µm. Sections were immunostained with 1: 2000 dilution, anti-GFP antibody (Covance, Richmond, CA) to enhance the fluorescent signal, then counterstained with 4',6-diamidino-2-phenylindole (DAPI) using standard protocols.
Embryo Survival
Extraembryonic membrane dissection was preformed at E5 (n= 77). Eggs were sealed with tape, re-incubated at 38°C and percent survival was monitored each day after dissection until E18. Control eggs (windowed but not dissected to expose embryos, n= 77) were treated identically as exposed embryos including windowing at E3 and remaining outside the incubator for the same duration as dissected eggs.
Embryo Exposure
Following removal of extraembryonic membranes at E5, embryos were re-incubated and monitored daily to evaluate the regions of the body that are accessible for manipulation during further development. The cranial and trunk regions were scored for each embryo and recorded as percentage of the viable exposed embryos examined daily between E5-E17.
Key findings
• A multistep technique to dissect extraembryonic membranes away from the developing chick embryo.
• This technique permits access to late-stage chick embryos (between E5 and E8) in ovo, which is otherwise difficult, as the extraembryonic membranes obscure chick embryos shortly after E4.
• Exposed late-stage chick embryos are viable and can be manipulated using standard developmental biology techniques to study organogenesis.
Fig. 1.
A schematic diagram showing treatment of the eggs and embryos at different stages of development. (i-iii) After 3 days of incubation, albumen is withdrawn from the narrow end of the egg, which is then windowed to reveal an intact E3 chick embryo and surrounding vasculature. The eggs are sealed with transparent tape and re-incubated. (iv-vi) On day 5, the tape is cut to reveal the E5 embryo that is partially covered by the CAM. The amnion is dissected and the CAM is displaced away to expose the embryo. The exposed embryo can be manipulated at this stage or re-incubated if later stages are desired. (vii) The exposed embryos do not show any defects and are accessible in ovo between E5-E8 and they can be manipulated and re-incubated until a desired time point. Following the separation of the embryo and surrounding amnion from the CAM (C'), the amnion is peeled away from the cranial region (D', curved black arrows). The posterior region of the embryo slides out of the amnion and the entire embryo becomes exposed. Exposure and survival of embryos at different stages of development. (A) Following membrane dissection, the majority of the embryos are exposed between E5-E7, before they are gradually obscured by the CAM (white dotted line) by E9. (B) The cranial and trunk regions of embryos are accessible for in ovo manipulation between E5-E7. By E9, access to the embryo is limited in most cases to the cranial region. (C) The majority of the exposed embryos are viable between E5-E7 and approximately a third of the embryos are viable during the critical period of organogenesis. The normalized numbers of surviving exposed embryos are reported as a percentage of surviving non-dissected controls at each stage. Cell injections into E7 exposed embryos. Cells expressing RCAS-GFP were mixed with food dye and injected as indicated by the arrowheads into (A) the cornea, (B) mesenchyme adjacent to the ear, and (C) mesenchyme of the forelimb. Embryo collected 2 days after cell injections showing: (A) Normal development in absence of amnion. Under fluorescence, GFP expression was observed in (B and B') the mesenchyme adjacent to the ear, (C and C') the stroma region of the cornea, and (D and D') the limb mesenchyme adjacent to a presumptive phalangeal bone. Abbreviations: fg-feather germs, et-egg tooth, so-scleral ossicles, ep-epithelium, ststroma, en-endothelium, pbphalangeal bone. scale bar=100µm
